To determine whether vitamin E protects against thyroxine induced oxidative stress in heart and soleus (slow oxidative) muscles, lipid peroxide (thiobarbituric acid-reactive substances) and antioxidant enzymes were measured in those tissues of hyperthyroid rats supplemented with vitamin E. The rats were rendered hyperthyroid by the administration of L-thyroxine in their drinking water. In experiment (EXPT) I, 30mg/kg/dose of alpha-tocopheryl acetate was administered to the vitamin E-treated group. In EXPT II, the rats were fed a diet containing either <1IU/kg (deficient diet), 20IU/kg (control E diet), or 500IU/kg (high E diet) of vitamin E and hyperthyroidism was induced. In EXPT I, hyperthyroidism induced an increase in oxidative enzymes, mitochondrial superoxide dismutase and lipid peroxide level, and a decrease in cytosolic superoxide dismutase, glutathione peroxidase and catalase in both tissues. Vitamin E treatment inhibited the increase in lipid peroxide level totally in the heart and partially in the soleus, with minimal changes in the other biochemical indices studied. In EXPT II, the lipid peroxide level was markedly increased in both tissues of the vitamin E-deficient group, and decreased in those of the group fed high E diet. There were some adaptive changes in the levels of cytosolic superoxide dismutase, glutathione peroxidase, and catalase in response to vitamin E deficiency, whereas neither oxidative enzymes nor mitochondrial superoxide dismutase were altered. These results suggest that vitamin E protects against lipid peroxidation in hyperthyroid heart and skeletal muscle independently of the changes in oxidative enzymes and antioxidant enzymes.
transport brought about by a hypermetabolic state results in increased generation of superoxide at the site of ubiquinones (1) . This species and other active oxygens generated by a subsequent cascade of free radical reactions can attack mitochondrial membrane and induce lipid peroxidation unless scavenged by either non-enzymatic antioxidants or antioxidant enzymes. The antioxidant enzymes comprise superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT). Animal cells have two forms of SOD. One contains manganese (MnSOD) and occurs predominantly in the mitochondrial matrix; the other contains copper and zinc (CuZnSOD) and is found uniformly throughout the nuclear and cytoplasmic matrix (2) . GPX and CAT catalyze the reduction of hydrogen peroxide; the former also reduces organic hydroperoxide. Vitamin E is concentrated in the inner mitochondrial membrane where the respiratory electron transport system is located, and it is the major nonenzymatic chain-breaking antioxidant at that site (3) .
We previously demonstrated a selective increase in the level of thiobarbituric acid-reactive substances (TBARS) in the heart and soleus (slow oxidative) muscles of hyperthyroid rats, and suggested the possible contribution of this oxidative injury to the development of thyrotoxic myopathy and myocardial dysfunction (4) . The increase in TBARS was associated with an acceleration of mitochondrial oxidative metabolism and decreased activities of GPX and CAT (4) .
The present study was designed to determine whether vitamin E administered simultaneously with thyroxine (T4) can suppress the increase in TBARS in heart and soleus muscles. To further elucidate the interaction between antioxidant enzymes and vitamin E for protection against lipid peroxidation, the tissue levels of TBARS and CuZnSOD, MnSOD, GPX, and CAT in hyperthyroid rats fed special diets containing three different amounts of vitamin E were also studied.
MATERIALS AND METHODS
Animal treatment. In the first experiment (EXPT I), 5-week-old male Sprague-Dawley rats (Shizuoka Laboratory Animal Center, Shizuoka, Japan) were fed a standard chow. The euthyroid control group was given tap water. The remaining rats (T4 and T4+E groups) were rendered hyperthyroid by the administration of 12mg/liter of L-thyroxine in their drinking water over a 4-week period, as described previously (4). The T4+E group was injected intraperitoneally with 30mg/kg/dose of alpha-tocopheryl acetate (1.11 IU/mg) solubilized in 10% polyoxyethylene hydrogenated castor oil/10% propylene glycol buffered by sodium citrate (Eisai Co., Ltd., Tokyo). Vitamin E was injected once daily for the first 7 days, every other day for the second week, and then once every 3 days thereafter.
In the second experiment (EXPT II), 3-week-old male Sprague-Dawley rats were divided into 3 groups. They were fed a vitamin E-deficient diet containing <1 IU/kg of vitamin E, or the same diet supplemented with either 20 IU/kg (control E diet), or 500 IU/kg (high E diet) of vitamin E (Eisai Co., Ltd., Tokyo). The composition of the vitamin E-deficient diet was described previously (5) . The rats were given tap water for 4 weeks, and then they were rendered hyperthyroid by the administration of T4 in their drinking water over a 3-week period.
The rats were killed under pentobarbital anesthesia (50mg/kg), and their sera, heart, and bilateral soleus muscles were obtained.
Biochemical analyses. The tissue homogenate was prepared as described previously (4) . The radioimmunoassays for rat MnSOD and CuZnSOD have been described (6) . Cyto-chrome c oxidase, fumarase, and glutathione peroxidase were assayed by methods described previously (7) . Catalase activity was assayed spectrophotometrically (8) in the samples of heart muscle, and polarographically (4) in the samples of coleus muscle. The activity was calculated using the first order rate constant for the former method, and the initial rate of O2 production for the latter. The tissue concentration of TBARS was assayed by the fluorimetric method of Yagi (9) . Protein was measured by the technique of Lowry et al. (10) . Alpha-tocopherol was determined utilizing high-performance liquid chromato graphy (11) . Serum triiodothyronine (T3) and T4 concentrations were determined with commercial RIA kits.
Statistics. The data are presented as the means + SE. Statistical significance was determined by the method of least significant difference, calculated after one-way analysis of variance.
RESULTS
Body weight, organ weight relative to body weight, T3, T4, and vitamin E The initial and final body weights of the animals in both EXPT I and EXPT II, their heart and coleus weights relative to body weights, serum levels of T3 and T4 are summarized in Table 1 . There was no difference between groups in the initial weight of the animals in either experiment, whereas the final body weight of the T4-treated rats was less than that of the euthyroid controls. Vitamin E either injected or supplemented in the diet did not appear to affect the growth of the animals. The heart was markedly hypertrophied in all T4-treated rats in both experiments. Vitamin E status, again, did not appear to modify this hypertrophy. Soleus weight relative to body weight was unaltered in EXPT I, while that in the vitamin E-deficient rats was slightly greater than that in the other groups in EXPT II. Serum levels of T3 and T4 in all T4-treated groups were well within the thyrotoxic range, and there was only a marginal difference in the T3 levels of the rats in EXPT II. Table 2 summarizes tissue level of alpha-tocopherol. The levels in both heart and soleus muscles in the T4-treated group in EXPT I were similar to those in their controls, while those in the T4+E-treated group were markedly increased. The tissue levels of alpha-tocopherol in EXPT II reflected the vitamin E content in each respective test diet. The levels in the high E diet group in EXPT II were similar to those in the T4+E-treated group. Effect of T4 and/or vitamin E on enzymes and TBARS Table 3 lists the activities of cytochrome c oxidase and fumarase as oxidative markers, SOD contents, and the activities of GPX and CAT in EXPT I. The activity of cytochrome c oxidase in both the heart and soleus muscles of the T4-treated group was increased, and was restored to control levels by vitamin E treatment. Fumarase activity was increased in the heart and soleus muscles of both the T4-treated and T4+E-treated groups. Similarly, MnSOD was increased in both groups. On the other hand, CuZnSOD and GPX were decreased in both tissues of those groups. CAT activity was decreased in both tissues of the T4-treated groups, and was further decreased in the T4+E-treated group. The TBARS levels in the heart and soleus muscles of the T4-treated group were increased, and vitamin E treatment suppressed the increase totally in the heart and partially in the soleus muscles (Fig. 1) . Table 4 lists the activities of oxidative enzymes, SOD contents, and the activities of GPX and CAT in EXPT II. Cytochrome c oxidase activity in heart and soleus muscles was not significantly different among the groups. Similarly, fumarase and MnSOD in both tissues were also unaltered. CuZnSOD levels in the heart were unaltered, while that in the E-deficient soleus was significantly higher than those in the control E and high E soleus. In both tissues, the GPX was higher in the E-deficient, and lower in the high E groups, that in the controls. Similarly, the heart CAT was higher in the E-deficient, and lower in the high E groups, than in the controls. The CAT in the E-deficient soleus was higher than that in the high E soleus, but similar to that in the controls. A marked change was observed in the 14 K. ASAYAMA et al. Table 4 . Activities of oxidative enzymes, content of superoxide dismutases and activities of glutathlone peroxidase and catalase EXPT II). (18) . Vitamin E deficiency induced a decrease in mitochondrial SOD in rabbit heart as measured by an indirect activity assay (19) . Yang et al. observed an inverse relationship between GPX activity and vitamin E staus in rat liver (20) , as was found in the muscles in EXPT IL Such a change may be an adaptive response to the alteration in oxidant-antioxidant balance. Several previous observations have supported a close relationship between the glutathione redox system and vitamin E as cell defense mechanisms. Mutual dependence of the protection against peroxidative stress has been shown (21, 22) . It has been also reported that the actions of vitamin E and the glutathione redox system compensate for each other in certain experimental models in which one of their activities is low (23, 24) . In the present hyperthyroid muscles, vitamin E appeared to compensate for the low activity of the glutathione redox system in oxidative stress. There were some increases in GPX activity and in other antioxidant enzymes in response to vitamin E deficiency, whereas they appeared to provide no protection against acceleration of lipid peroxidation.
Effect of vitamin E status on enzymes and TBARS in hyperthyroid tissues
Superoxide production has been reported to be increased in heart mitochondria of vitamin E-deficient animals (19) . It has been postulated that vitamin E is an essential component in heart (25) and skeletal muscles (26) for the protection of mitochondria against peroxidative damage. It is conceivable that vitamin E is consumed more rapidly in hyperthyroid muscles in which mitochondrial respiratory electron tranport and, in turn, superoxide generation are accelerated than in euthyroid muscles. The present results indicate that vitamin E deficiency aggravates and supplementation inhibits the early biochemical change (i.e, the acceleration of lipid peroxidation) predisposing to thyrotoxic myopathy and myocardial dysfunction. This implies that an adequate intake of vitamin E would be beneficial for the prevention of muscle damage in hyperthyroid subjects.
